Aim: To investigate the action of salvianolic acid A (SalA) on angiotensin II (Ang II)-induced proliferation of human umbilical vein endothelial cells (HUVECs) and the possible signaling pathways mediating this action. Methods: Cell proliferation was examined with MTT assay. The expression levels of Src phosphorylation (phospho-Src), Akt phosphorylation (phospho-Akt), and NADPH oxidase 4 (Nox4) in HUVECs were determined by Western blot. The production of reactive oxygen species (ROS) was estimated using fl uorescence-activated cell sorting (FACS). 
Introduction
Endothelial cell proliferation plays an important role in angiogenesis, as well as atherogenesis, postangioplasty restenosis and other infl ammatory vascular diseases such as rheumatoid arthritis and proliferative diabetic retinopathy [1] [2] [3] . In atherosclerosis, the proliferation of endothelial cells triggers platelet aggregation, leukocyte adhesion and transmigration, and vascular smooth muscle cell proliferation [1] . Angiotensin II (Ang II), one of the key components of the renin-angiotensin system, regulates a variety of physiological and pathological processes, including fluid homeostasis, aldosterone production, and renal function. It has recently been suggested that Ang II is not simply an autacoid with hemodynamic and renal actions but rather a biologically active mediator that acts directly on endothelial cells. Evidence is rapidly accumulating to support the theory that Ang II stimulates NADPH oxidase-dependent superoxide production in endothelial cells and that this is the main source of reactive oxygen species (ROS) in these cells [4] [5] [6] . NADPH oxidases (Noxs) are a family of multicomponent transmembrane enzymes that transport electrons across biological membranes to generate super-oxide, O 2 (-), by the reduction of oxygen [7] . A growing body of evidence has demonstrated that ROS production plays an important role in a variety of signal transduction pathways. ROS have been implicated in growth factor receptor signaling, as well as in the regulation of various transcription factors involved in cell proliferation, differentiation, and apoptosis [8] [9] [10] . Src is a cytoplasmic protein tyrosine kinase, and the activation and recruitment of this protein to perimembranous signaling complexes has important implications for a cell's fate [11] . At present, there are at least 14 confirmed varieties of Src kinase. The 60 kDa c-Src isoform is the most widely expressed www.nature.com/aps Yang LL et al Acta Pharmacologica Sinica npg version in vascular endothelial cells [12] , and c-Src is the main modulator of NADPH oxidase-mediated superoxide anion production, which induces the vascular redox reaction [13] . Indeed, activation of the Src family kinases has been known to play an important role in cellular proliferation and migration, angiogenesis, and chemokine induction. Phosphoinositide 3-kinase (PI3K) and its downstream serine/threonine kinase Akt, also termed protein kinase B (PKB), play a central role in promoting the survival of a wide range of cell types. Akt is believed to play a crucial role in apoptosis, cell cycle regulation, angiogenesis, and tumor progression [14, 15] . Furthermore, Windham et al [16] reported that Src activation contributes to the resistance of cancer cells to cell death through the PI3K/ Akt pathway because increased Src kinase activity leads to increased Akt phosphorylation.
The dried root of Salvia miltiorrhiza Bunge (Danshen) is a popular traditional Chinese medicine that has been widely used in both Asian and Western countries for the treatment of various diseases, including cerebrovascular diseases, coronary artery disease, myocardial infarction, hepatitis, hemorrhage, diabetes mellitus, and menstrual abnormalities, for thousands of years. Salvianolic acids include salvianolic acid A (SalA), salvianolic acid B (SalB), rosmarinic acid, and other polyphenolic acids. Figure 1 ) is the main active constituent of S miltiorrhiza [17] . This water-soluble compound has been reported to possess a wide range of pharmacological effects, including anti-inflammatory, anticarcinogenic, antioxidant, estrogenic, antiplatelet, and antifibrotic activities [18] [19] [20] [21] . Investigative results from our laboratory showed that SalA also exhibited cardioprotective effects [22] . To date, little is known about the effects of SalA on vascular endothelial cells. The aims of this study, therefore, were to examine the inhibitory effect of SalA on the Ang II-induced proliferation of HUVECs and to further investigate the compound's effects on interrelated signaling pathways .
Materials and methods

Chemicals
SalA lyophilized powder (product number 20091201, purity>98%), was supplied by Qing Feng Pharmaceutical Products (Jiangxi, China). Ang II, DMSO, and MTT were obtained from Sigma Chemical Co (St Louis, MO, USA). SalA and Ang II were dissolved in distilled water to reach a concentration of 0.1 mmol/L and were stored at 4 °C, for use as soon as possible. F12K was supplied by Hyclone (Logan, Utah, USA). Endothelial cell growth factor (ECGF) was obtained from Sciencell (San Diego, USA). Fetal bovine serum (FBS) and 0.25% trypsin were purchased from Gibco (Grand Island, NY). DCFH-DA (2',7'-dichlorofluorescin diacetate) and heparin were from Beyotime Institute of Biotechnology (Jiangsu, China). Antibodies for phospho-Akt (Ser-473) and phosphoSrc were obtained from Cell Signaling Technology Inc (Danvers, MA, USA). Antibody for Nox4 was obtained from Proteintech Group (Chicago, IL, USA).
Cell culture
HUVECs were obtained from American Type Culture Collection (ATCC). The HUVECs were cultured in a medium containing F12K, 10% fetal bovine serum, 0.1 mg/mL heparin, and 0.03-0.05 mg/mL ECGS, at 37 °C and 5% humidified atmospheric CO 2 . The medium was refreshed every 2-3 d.
Cellular proliferation assay
Cellular proliferation was determined by MTT chromatometry, as originally described by Mosmann [23] . In brief, HUVECs were seeded in 96-well plates at a density of 5000 cells/well. First, the cells were treated with 0, 6.25, 12.5, 25, 50, 100, or 200 μmol/L SalA for 24 h and then, after treatment with either 12.5, 25, or 50 μmol/L SalA for 12 h, we treated the cells with 1 μmol/L Ang II for 24 h. Twenty microliters of MTT solution (5 mg/mL in PBS) were added to each well, and the plates were incubated for an additional 4 h at 37 °C. Then, the medium was removed, and wells were rinsed twice with PBS. To each well, 150 μL of DMSO was added at room temperature for 5 min to dissolve the formazan crystals, and then the optical density at 570 nm was determined with a Microplate Reader (Bio-Rad 550, Hercules, CA, USA). Each assay was performed in triplicate. Cellular proliferation is expressed as an index of percent viability (% viability), compared to the control cells.
Western blotting analysis for phospho-Akt, phospho-Src, and Nox4 expression To investigate the mechanisms underlying the effects of SalA on the HUVEC proliferation induced by Ang II, the expression levels of Akt, Src, phospho-Akt, phospho-Src, and Nox4 in SalA-treated HUVECs were evaluated by Western blotting. The expression of β-actin was measured as an internal standard. After designated treatment, the HUVECs were lysed and centrifuged. The protein concentrations were quantitatively determined through the use of a modifi ed Bradford assay (Bio-Rad, CA, USA). Equivalent amounts (40 μg) of protein samples were loaded and separated by 8% to 12% SDSpolyacrylamide gel electrophoresis and the proteins were then transferred to a polyvinylidene difl uoride (PVDF) membrane. After blocking with 5% non-fat dry milk in Tris-buffered saline containing 0.1% Tween 20 (TBST), the membranes were incubated with rabbit polyclonal primary antibody or mouse monoclonal antibody, at a dilution of 1:1000 overnight at 4 °C, 
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Acta Pharmacologica Sinica npg against each of the following proteins: Akt, Src, phospho-Akt, phospho-Src, and Nox4. After washing, the membranes were incubated with the requisite secondary antibody at room temperature for 120 min. The protein bands were visualized with nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate. The membranes were scanned, and the relative intensity of the bands was analyzed using Image J 3.0. Prestained markers were used for molecular mass determinations and were photographed after color development. The levels of proteins were determined using densitometry (Image J software), which allowed direct comparisons to be made between experimental sets. The optical density of the control group was 1 arbitrary densitometric unit.
Measurement of ROS production
To investigate the generation of ROS in HUVECs, DCFH-DA was used to determine the amount of intracellular ROS production. DCFH-DA can readily penetrate the cell membrane, where it can be rapidly de-esterified by membrane-bound esterases to yield free DCFH. On reaction with ROS, DCFH is oxidized to yield the fluorescent dichlorofluorescein (DCF). Thus, the intensity of the cellular fluorescence correlates with the amount of ROS formed in situ. For this assay, HUVECs were pre-incubated in 6-well plates for 24 h at 37 °C in culture medium. After pretreatment for 12 h with varying concentrations of SalA and for an additional 12 h with 1 μmol/L Ang II, the HUVECs were incubated with 10 μmol/L DCFH-DA for 30 min at 37 °C. After washing with PBS, the cells were collected in 500 μL PBS. The cell fluorescence intensity was measured at 490 nm excitation and 530 nm emission using a fl uorescence-activated cell sorting (FACS) fl ow cytometer (Becton Dickinson, San Jose, CA, USA), as previously described [24] .
Statistical analyses
For each experiment, data are presented as mean±SEM. Statistical analysis was performed using GraphPad Prism 4.0. Statistical signifi cance (P<0.05) for each variable was estimated by 1-way or 2-way analysis of variance, followed by Bonferroni post-hoc tests.
Results
Effects of SalA on Ang II-induced HUVEC proliferation
To examine the toxicity of SalA, cell viability was assessed using the MTT metabolism assay. Within the tested concentrations (6.25-200 μmol/L), cell viability was not significantly influenced by SalA at concentrations of 6.25-50 μmol/L. However, cell viability was signifi cantly attenuated with both 100 μmol/L (P<0.05) and 200 μmol/L (P<0.01) doses of SalA in a concentration-dependent manner, as shown in Figure 2A . For our study, we chose to use SalA concentrations of 6.25, 12.5, 25, and 50 μmol/L. The MTT assay was also used to assess cellular proliferation. Ang II (1 μmol/L) significantly increased cell proliferation compared with the control group (P<0.01). However, compared with Ang II, pretreatment with 25 or 50 μmol/L SalA significantly inhibited cellular proliferation (P<0.01) ( Figure 2B ).
Effects of SalA on the expression levels of total and phos phorylated-Src We incubated serum-deprived HUVECs with 1 μmol/L Ang II for 0, 2.5, 5, 10, 15, and 30 min. Ang II caused an increase in phospho-Src levels, starting 2.5 min after stimulation, with a maximal 2.91±0.23-fold increase relative to basal levels at 5 min (P<0.01). Thereafter, phospho-Src decreased rapidly ( Figure 3A) . When we pretreated serum-deprived HUVECs with 50 μmol/L SalA for 12 h, the levels of phospho-Src significantly decreased, compared with the group treated by Ang II alone (P<0.01) ( Figure 3A) .
As shown in Figure 3B , Ang II significantly increased the phosphorylation of Src, whereas SalA (12.5, 25, or 50 μmol/L) downregulated phospho-Src in a dose-dependent manner. Figure 3C shows that, in serum-deprived HUVECs pretreated with 50 μmol/L SalA for varying lengths of time (3, 6, 12, or 24 h), the level of phospho-Src significantly decreased (P<0.01), whereas it increased in the Ang II-treated group compared to the control (P<0.01).
Effects of SalA on the expression levels of total Akt and phosphoryl ated Akt To examine whether SalA inhibits the proliferation of HUVECs, the expression of phospho-Akt was assessed by Western blot analysis (Figure 4) . We incubated serum- Thereafter, phospho-Akt signaling decreased rapidly ( Figure  4A ). When we pretreated serum-deprived HUVECs with 50 μmol/L SalA for 12 h, the levels of phospho-Akt were significantly reduced, when compared with the Ang II group (P<0.01) ( Figure 4A ). As shown in Figure 4B , Ang II significantly increased the phosphorylation of Akt, whereas SalA (12.5, 25, or 50 μmol/L) downregulated Akt phosphorylation in a dose-dependent manner. Figure 4C showed that, in serum-deprived HUVECs pretreated with SalA (50 μmol/L) for different lengths of time (3, 6, 12 , or 24 h), the level of phospho-Akt was significantly reduced (P<0.01), whereas the phosphorylation of Akt increased in the Ang II group, compared with the control (P<0.01).
Effects of SalA on the level of Nox4 expression
HUVECs were pretreated with SalA at different concentrations before exposure to Ang II (1 μmol/L) for 24 h. As shown in Figure 5A , Ang II significantly increased the expression level of Nox4, compared with the control (P<0.01). However, the level of Nox4 decreased after pretreatment with SalA (25 and 50 μmol/L) for 12 h, compared with Ang II treatment alone (P<0.01). Pretreatment with SalA (50 μmol/L) for 3, 6, 12, or 24 h led to time-dependent decreases in Nox4 levels. In contrast, Nox4 expression was significantly increased in the Ang II group (P<0.01) ( Figure 5B ).
Effects of SalA on ROS production
The DCFH-DA fluorescence method was used to measure ROS production in the HUVECs ( Figure 6A ). As shown in Figure 6B , the fluorescence intensity of the Ang II-treated group was significantly increased, compared with the control group (P<0.01). However, when the cells were pretreated with SalA (12.5, 25 and 50 μmol/L), the fl uorescence intensity significantly decreased (P<0.01), relative to the cells treated with Ang II alone.
Discussion
Because endothelial cell proliferation is an important variable in the initiation and progression of atherosclerosis, it is of great importance to understand the mechanisms underlying the cardioprotective effects of several drugs. In China, Danshen has been widely used to treat cardiovascular diseases for hundreds of years. Salvianolic acids are the most abundant water-soluble compounds extracted from Danshen. Salvianolic acids, especially SalA and SalB, have been found to have potent anti-inflammatory, antioxidant, antiplatelet, and antifibrotic properties. Previous studies have demonstrated that SalA and SalB are the most abundant components in Danshen and that they share a similar structure. However, SalA produces stronger effects on the above-mentioned functions than SalB does. Some studies have reported that Ang II is an endogenous modulator of endothelium proliferation [25] . The rate of stent restenosis is high following percutaneous coronary intervention (PCI), mainly due to excessive proliferation of endothelial cells. In the present study, we found that SalA exerted a strong protective effect against the proliferation of HUVECs induced by Ang II, providing evidence for an important potential clinical application of SalA.
To examine whether SalA affects Ang II-induced proliferation of HUVECs, we used the MTT assay to measure cellular proliferation. Treating HUVECs with different concentrations of SalA (6.25-200 μmol/L) for 24 h resulted in no change in cell viability at concentrations of 6.25-50 μmol/L (Figure 2A ). Ang II (1 μmol/L) significantly increased cellular proliferation, compared with the control group. Pretreatment with 25 or 50 μmol/L of SalA, compared to treatment with Ang II alone, signifi cantly inhibited cellular proliferation ( Figure 2B ). This result demonstrated that, in the range of 6.25-50 μmol/L, SalA had no influence on HUVEC viability and that SalA could inhibit the Ang II-induced proliferation of HUVECs in a concentration-dependent manner.
All of the effects ascribed to Ang II coalesce on the highaffinity G-protein coupled receptors localized on the surface of target cells, regulating their physiological and pathophysiological processes. There are two main Ang II receptor subtypes that have been identified thus far, the Ang II type 1 (AT 1 ) and Ang II type 2 (AT 2 ) receptors. In the development and progression of Ang II-mediated high blood pressure, atherosclerosis, and other cardiovascular disease, endothelial cells are some of Ang II's target cells. Ang II, acting through AT 1 R [26] , can promote the proliferation of endothelial cells and cause endothelial cell basement membrane egradation, as well Thomas and Brugge investigated the involvement of Src in cellular proliferation and migration, including the important role this kinase plays in signaling [27] . They reported that the activation of Src kinase in response to cellular signaling promoted proliferation and survival. The serine/threonine kinase Akt/PKB regulates multiple biological processes, including cell survival, proliferation, and growth. Akt is a member of the protein kinase B group and is a downstream kinase of PI3K. Ser-473 is phosphorylated by S473K thereby activating Akt [28] . Signaling molecules such as Src and Akt play important roles in many pathophysiological processes, including cell cycle regulation, cell survival, cell growth, glycogen metabolism, and cell migration. Thus, efforts to reduce the proliferation of endothelial cells have recently focused on inhibiting Src and Akt activity. We studied the phosphorylation levels of both Src and Akt to examine the inhibitory effects of SalA on HUVEC proliferation. Ang II has recently been found to cause rapid phosphorylation of Akt, mediated by the PI3K pathway [29] . As shown in Figure 3A , Ang II increased the level of phospho-Src which reached a peak at 5 min, while simultaneously increasing the level of phospho-Akt (peak at 15 min), as depicted in Figure 4A . However, after pretreatment with 50 μmol/L SalA for 12 h, the phosphorylation levels of both proteins decreased. This result demonstrated that Ang II can activate both Src and Akt phosphorylation, whereas SalA downregulates this modifi cation in a concentration and timedependent manner.
NADPH oxidase was originally identifi ed and characterized in phagocytes, where it contributes to host defense. All of the components of the NADPH complex have been identifi ed in endothelial cells [30] [31] [32] [33] . Vascular NADPH oxidase, which plays an important role in both physiology and pathophysiology, is the primary source of ROS in endothelial cells. NADPH oxidase activity varies between vascular cells and between different sites of the vasculature. For example, vascular smooth muscle cells express high levels of Nox1 and Nox4, whereas endothelial cells express high levels of gp91phox/Nox2 and Nox4 [34] [35] [36] . ROS have long been implicated in the pathogenesis of cardiovascular diseases, including atherosclerosis, hypertension, and diabetes. There is a growing appreciation for the role of ROS in physiological signaling in many cell types, including vascular endothelial cells. ROS, as a secondary messenger, activates a series of cell protein kinases, including c-Src and Akt/PKB, and this activation plays a decisive role in the process of atherosclerosis. Some evidence indicates that Ang II has a stimulatory effect on ROS production in the endothelium by activating and up-regulating NADPH oxidase [37] . We sought to clarify whether the inhibitory effect of SalA on the proliferation of HUVECs might be mediated through its antioxidative activity. HUVECs were pretreated with increasing concentrations of SalA for different times prior to incubation with 1 μmol/L Ang II. The results indicated that Ang II treatment increased the level of Nox4 expression, whereas SalA inhibited the Ang II-induced changes in Nox4 expression in a time-and concentration-dependent manner ( Figure 5 ). In addition, the production of ROS was significantly decreased with SalA (25 and 50 μmol/L) treatment compared with treatment with Ang II alone ( Figure 6 ). This result demonstrated that SalA inhibited the induction of Nox4 by Ang II and reduced ROS production accordingly.
Ang II has been proposed to participate in the production [38, 39] . Increased Src kinase activity was shown to increase Akt phosphorylation. Akt is an important kinase for promoting cellular proliferation and migration. Our data have shown that SalA decreased the level of phosphor-Src and phospho-Akt in a time-and concentration-dependent manner and that SalA also inhibited increases in Nox4 protein expression, ultimately resulting in a signifi cant decrease in ROS production. All of these events contribute in part to the inhibitory effect of SalA on the proliferation of HUVECs.
In summary, we have identified a novel function for SalA by demonstrating the signifi cant role it plays in inhibiting the Ang II-induced proliferation of HUVECs. Further studies are needed to determine the exact mechanism by which SalA acts to protect vascular endothelial cells against Ang II-mediated injury.
